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Abstract: Supports based on poly-styrene-divinylbenzene (PSD) are commercially available since a long time ago. However, they are 
not commonly used as enzyme immobilization matrices. The main reason for this lies in the negative effect of the very hydrophobic sur-
face on enzyme stability that produces the instantaneous enzyme inactivation in many instances. However, they have recently regained 
some impact on enzyme immobilization. They are easy to modify, and have been prepared with different modifiers. We will pay special 
attention to the coating of these supports with ionic liquids, which permits to have the ionic liquid phase anchored to the solid and modu-
late the enzyme properties without risk of losing these expensive and potentially toxic compounds. Thus, this review will present the co-
valent or physical immobilization of enzymes on PSD supports, submitted to different modifications. Moreover, lipases immobilized via 
interfacial activation on some naked PSD supports have shown some unexpected improvement in their catalytic properties, with uses in 
reactions like hydrolysis, esterification or transesterification. 
Keywords: Hydrophobic supports, enzyme destabilization, interfacial activation of lipases, modulation of lipase properties, supported ionic 
liquids. 
1. INTRODUCTION 
Enzyme immobilization is a requirement in many cases to use 
enzymes at industrial level, as this solves the problem of enzyme 
solubility in the reaction media and facilitates its reuse [1-3]. How-
ever, enzyme immobilization is also a powerful tool to improve 
enzyme properties. A proper immobilization not only permits the 
easy separation of the enzyme from the reaction media to reuse it, 
but it has also been used to improve some enzyme properties, like 
stability, activity, selectivity or specificity [4-6]. 
Generally, the preferred immobilization support should be one 
able to initially interact with the enzyme, but once the researcher 
has decided to stop the immobilization process, it may offer an 
enzyme surface as inert as possible to avoid uncontrolled en-
zyme/support interactions. That way, the researcher may “stop” the 
enzyme/support reaction and the support will not produce any un-
expected effect on immobilized enzyme properties. In this sense, a 
very adequate support may be agarose activated with glyoxyl 
groups, the support is highly hydrophilic, and the reactive groups 
may be easily reverted to inert hydroxyl groups by a reduction [7, 
8]. However, some immobilization protocols, due to their immobi-
lization mechanism, may not produce a final inert surface. This  
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involves most of the ones that immobilize enzymes via physical 
adsorptions: generally a multipoint immobilization process is re-
quired to fix the enzyme to the support (e.g., ion exchangers), and 
that means that the support must have a high activation degree [9]. 
That way, the immobilized enzyme may interact with the support 
during storage or operation. 
In this context, hydrophobic supports have been recognized as 
very negative for the enzyme stability, because these uncontrolled 
enzyme-support interactions may play a negative role in the enzyme 
stability. Proteins generally have the hydrophilic groups on its sur-
face, while hydrophobic groups will be inside the protein core. 
However, the groups in a protein are in continuous movement, and 
the hydrophobic groups can reversibly go outside by small fractions 
of time. If these hydrophobic pockets interact with a hydrophobic 
surface, this denatured conformation of the enzyme may be stabi-
lized, and the protein becomes inactivated. Thus, immobilization on 
very hydrophobic support does not seem recommended from the 
point of view of enzyme stability (Fig. 1). 
However, there are some cases where this high hydrophobicity 
becomes an advantage for the operational biocatalyst stability that 
could compensate the general drawback. For instance, in certain 
cases, the immobilized enzyme is used in organic medium, and it is 
inactivated under operation due to the accumulation of hydrophilic 
compounds in the surroundings of the enzyme environment (e.g., 
water, glycerin, short chain carboxylic acids, etc.). This occurs, for 
example, in the production of biodiesel or esterification reactions 
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[10-12]. Thus, the use of a very hydrophobic support may reduce 
and even eliminate this problem [13], compensating a decrease in 
the enzyme thermostability (Fig. 2).  
Similarly, hydrogen peroxide is a highly reactive compound 
that can rapidly inactivate an enzyme [14]. A very hydrophobic 
support may permit to produce a partition effect, reducing the con-
centration of this negative reagent on the area of the protein near to 
the hydrophobic support surface, and producing a significant stabi-
lization of the enzyme (Fig. 3). 
Thus, although a very hydrophobic support may not be the best 
option considering the enzyme stability, in certain cases it may 
become a possibility to solve a problem that can inactivate an im-
mobilized enzyme in a more rapid way than the enzyme denatura-
tion, improving its operational stability. In this review, we will 
focus on poly styrene-divinylbenzene supports, which is a very high 
hydrophobic matrix, even though other additional monomers may 
be also used in some instances. 
2. POLY-STYRENE-DIVINYLBENZENE MATRICES AS 
SUPPORTS TO IMMOBILIZE ENZYMES 
Poly-styrene-divinylbenzene (PSD) supports are produced by 
the copolymerization of styrene using divinylbenzene as crosslink-
ing reagent. Divinylbenzene has been used as crosslinker of many 
other polymeric matrices, like different acrylates, giving supports 
with a lower hydrophobicity [15-18].  
PSD may be modified during preparation, and it is possible to 
find beads or membranes of poly-styrene-divinylbenzene with an 
ionic substituent. Depending on the exact preparation protocol, its 
nature and internal morphology may differ. In general, the unmodi-
fied support is a very hydrophobic material that can suffer problems 
to permit the entry of water on their pores.  
The very hydrophobic nature of PSD may permit an easy hy-
drophobic adsorption of proteins, like bovine serum albumin, and 
this has been used in certain cases to develop systems to quantify 
the immobilized enzyme on a matrix, without considering any 
 
Fig. (1). Enzyme inactivation caused by interaction with hydrophobic interfaces. 
 
Fig. (2). Enzyme inactivation in organic media caused by hydrophilic compounds retained by the support. Advantage of using a hydrophobic support. 
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negative effect of the immobilization on the hydrophobic support 
on the enzyme structure. For example, particle mass spectrometry 
has been used to characterize the protein adsorption on microparti-
cles based on the mass variations before and after protein adsorp-
tion [19]. This hydrophobicity has been reduced in certain cases, 
even having supports with very limited adsorption of proteins, by 
modification with polyethylene glycol. This was the case of the 
coating of PSD supports, with magnetite to have a magnetic 
nanoparticle, that was later aminated and finally modified with 
PEG: the new beads marginally adsorbed bovine serum albumin 
[20].  
Nevertheless, this support has been in certain cases successfully 
applied in the immobilization and use of some catalytically active 
enzymes. Next, we will try to present some examples of the draw-
backs and advantages of these supports to immobilize different 
enzymes. 
2.1. Immobilization of Enzymes via Covalent Attachment 
The immobilization via covalent attachment has several advan-
tages compared to physical adsorption, e.g., there is no risk of en-
zyme desorption under any reaction media, stabilization may be 
achieved via multipoint covalent attachment [4] (Fig. 4). However, 
it also presents some drawbacks, like that immobilization usually is 
an irreversible process, and the support must be discarded once the 
enzyme is inactivated, and the immobilization protocols tend to be 
more sophisticated (usually are multistep) [4] . Thus, this immobili-
zation strategy did not seem very adequate to immobilize proteins if 
the immobilization did not introduce some clear advantages on the 
enzyme properties (usually, stabilization) [5]. 
PSD hydrophobicity makes this support not recommended for 
immobilization of enzymes via covalent attachment, and in fact, 
this support is not very popular on these uses even though there are 
many different ones that have been commercially available for a 
long time. The problems generated by the hydrophobicity have 
been studied in a systematic way in several cases. For example, the 
comparison of PSD with other styrene crosslinked polymers (that 
offer a lower hydrophobicity like ethylene glycol dimethacrylate, 
1,4-butanediol dimethacrylate and ethylene glycol acrylate) pro-
duced an improvement on the expressed activity of catalase cova-
lently attached to carboxylated supports [21]. An inverse correlation 
between hydrophobicity and activity retention was found in this 
study. In a similar study, divinylbenzene was used to crosslink 
polystyrene and the more polar polyacrylamide, while styrene was 
crosslinked with diverse reagents (e.g., divinylbenzene, tetraethyle-
neglycol) [22]. Papain was immobilized on these polymeric sup-
ports and used for the synthesis of peptides in aqueous-organic 
solvent mixtures. A decrease in the support hydrophobicity invaria-
bly resulted in an increase in the yield of the peptide synthesis.  
However, PSD supports have been used in some cases with 
relatively good results. Glutaraldehyde has been use in many in-
stances to get the covalent immobilization of enzymes on different 
supports, or just to crosslink physically adsorb proteins. This rea-
 
Fig. (3). Enzyme stabilization by hydrogen peroxide using hydrophobic supports. 
 
Fig. (4). Enzyme stabilization via multipoint covalent attachment. 
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gent has a great potential in biocatalysis to prepare catalysts with an 
intense multipoint covalent attachment, and also may introduce 
inter or intra crosslinkings that can produce positive effects on en-
zyme stability [23]. Using PSD, in some cases aminated supports 
were treated with glutaraldehyde to get an activated support, in 
other cases polyglutaraldehyde was part of the polymerization sus-
pension. 
Lipases may be the most widely used enzymes in the field of 
biocatalysis [1, [1, 24, 25] and for this reason, many of the exam-
ples of immobilization on PSD activated with glutaraldehyde are 
lipases. Most of the researches have been performed using the li-
pase from Thermomyces lanuginosus, one of the most used and 
stable lipases [26]. 
Polyglutaraldehyde-activated poly(styrene-divinylbenzene) has 
been employed to immobilize the lipase from T. lanuginosus with 
85% yield [27]. The immobilized enzyme retained full activity after 
30 days storage under open bench conditions and retained its full 
activity during the 15 batches of replicated biodiesel syntheses. 
Later the same groups used this biocatalyst to produce biodiesel 
using methanol and canola oil (97% yield in 24 h of reaction) [28]. 
Comparing the use of PSD and PSD-activated with polyglutaralde-
hyde, immobilization yield improved from 60% to 85%  
In a further study, they used this support in the form of powder, 
beads, and monoliths [29]. Immobilized lipase was satisfactorily 
used for the synthesis of biodiesel using sunflower, soybean, and 
waste cooking oils. tThe results indicated that immobilized en-
zymes retain their original activities for 10 repeated batch reactions 
at 25 °C, each one of them lasting 24 h.  
The immobilization of this lipase on a similar support was op-
timized by response surface methodology in order to comprehend 
the reach and relevance of the factors influencing the specific activ-
ity of the immobilized lipase [30]. Different effects (enzyme con-
centration (ranging from 4-16%, v/v), pH (6.0-8.0), buffer concen-
tration (20- 100 mM) and immobilization time (8-40. h)) were ana-
lyzed in this respect. The results showed that the first three factors 
were significant on the specific activity of the immobilized lipase. 
A 12% activity decrease was detected after 10 cycles of biodiesel 
production (24 h each batch) from methanol and canola oil. The 
immobilized lipase was almost fully stable in tert-butanol (92%) 
whereas it lost most of its activity in methanol (80%) after 15 min 
of incubation. 
In another research, three different lipases compounds (from 
Aspergillus oryzae and Lipozyme TL-100L® and Novozym 388®) 
were immobilized on PSD naked and activated with glutaraldehyde, 
andused to produce biodiesel, being lipase from T. lanuginosus the 
most effective [31]. Lipozyme TL-100L® immobilized on glutaral-
dehyde activated PSD resulted in the production of fatty acid 
methyl esters to a yield up to92%. A small enzyme deactivation 
was observed after 10 batches and the enzyme remained linked to 
the polymer the polymer, 
In another example, this enzyme immobilized on styrene-
divinylbenzene polyglutaraldehyde copolymer was successfully 
employed for the synthesis of biodiesel using methanol and pomace 
oil [32]. The maximum yield in methyl esters production was 98%. 
In another paper, the utilized lipase was that from Rhizomucor 
miehei, also a frequently utilized enzyme in biocatalysis [33, 34]. In 
this case, hairy poly(styrene-glycidylmethacrylate) brushes were 
prepared by grafting using bromoacetylated poly(styrene- divinyl-
benzene) microspheres as starting compound via surface-initiated 
atom transfer radical polymerization [35]. Two different strategies 
for the covalent immobilization of lipase onto the aforementioned 
microspheres were adopted: (1) direct immobilization of the lipase 
on the polymer brushes by means of the epoxy groups, and (2) im-
mobilization of lipase via coupling of the glutaraldehide moieties 
after modification of the epoxy group with hexamethylenediamine 
on the polymer brushes. Covalent immobilization of the lipase on 
microspheres after attachment of the spacer-arm and glutaraldehyde 
coupling proved the most effective binding method, perhaps be-
cause the epoxy function may react with many groups of the en-
zyme but with a slower rate than glutaraldehyde [23]. Thermal and 
storage stabilities increase upon immobilization. 
The immobilized lipase was reused with great efficiency in suc-
cessive runs in a solvent-free system for the synthesis of isoamyl 
acetate via esterification. Only 21% activity was lost after 10 suc-
cessive cycles [35].  
Horseradish peroxidase is another enzyme that has been immo-
bilized in some instances using this support and chemistry. It has 
been immobilized on styrene-divinylbenzene-polyglutaraldehyde 
supports, with 90% efficiency under optimum immobilization con-
ditions [36]. This biocatalyst was successfully employed for the 
determination of the total phenolic content of four different 
Prunella L. species. This enzyme was also immobilized on PSD 
functionalized with triglycine and activated with 1-
l'carbonyldiimidazol with almost a 100% yield and with no appar-
ent loss of enzymatic activity [37]. This biocatalyst was success-
fully used to decontaminate artificially contaminated waters con-
taining phenol, 2-methoxyphenol or 3-chlorophenol, with a removal 
of the contaminants ranging 75 to 100%. In another paper, the en-
zyme immobilized on microporous poly(styrene-divinylbenzene-
polyglutaraldehyde) monoliths to develop a colorimetric detection 
for phenol biosensing [38]. The microarchitectured sstructure of the 
monolith improved mass-transferring for the enzymatic reaction 
due to the flow which forcibly had to go through the micropores. 
The detection system showed a satisfactory accuracy and retained 
60% of its initial signal for a time interval of almost two months. 
In another example, horseradish peroxidase immobilized on sty-
rene-divinylbenzene- polyglutaraldehyde was employed to deter-
mine the phenol content of different raspberry and blackberry culti-
vars [39].  
Moreover, other enzymes have been subjected to immobiliza-
tion on these supports. Ureases from watermelon seeds and from 
Staphylococcus saprophyticus were stabilized after immobilization 
of the enzymes on aminated supports activated with glutaraldehyde 
[40]. These supports have a reduced hydrophobicity (the amino and 
glutaraldehyde groups will reduce the hydrophobicity) while the 
prevention of enzyme dissociation could explain to some degree the 
stabilization effects found [41]. 
Glucoamylase and invertase were immobilized on a macro-
porous aminomethyl polystyrene-divinylbenzene copolymer using 
the glutaraldehyde route, and the stability and behavior in the pres-
ence of water-miscible organic solvents was analyzed [42]. The 
immobilized enzymes showed an improved long-term stability 
compared to their soluble counterparts. 
Other strategies for the covalent immobilization of enzymes 
have been utilized, although only some few examples may be 
found. 
Invertase was bound on three types of aminated solid supports 
(all of the by covalent bonds): glycidyl methacrylate, styrene-
divinylbenzene copolymers, and cellulose beads after periodate 
oxidation of its glycosidic component [43]. The most active conju-
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gate was obtained by the immobilization of oxidized invertase to a 
styrene-divinylbenzene copolymer. 
Hydrophilic and macroporous polymer resins made up of of 
glycerylmethacrylate, styrene, and divinylbenzene were surface-
modified with isothiocyanate and used to covalently immobilize 
alkaline phosphatase and trypsin [44]. 
The immobilized enzymes were active and stable to a satisfac-
tory degree, while the hydrophobic nature of PSD was reduced by 
the isothiocyanate groups. This polymer has been also used to coat 
magnetic nanoparticles. For example, poly(styrene/N-isopropyl-
acrylamide/methacrylic acid) latex particles which contained ul-
trafine magnetite particles were prepared, and the crosslinking with 
divinylbenzene was found to play a positive role. 
They improved the separation of thermo-flocculated latex parti-
cle using a magnet [45]. Porcine trypsin was immobilized cova-
lently onto the magnetic latex particles with high efficiency using 
the carbodiimide moieties. 
2.2. Immobilization via Physical Adsorption 
The physical adsorption of proteins is the oldest strategy to im-
mobilize proteins, e.g., ionic exchange, hydrophobic adsorption. 
This is a very simple strategy of immobilization, the supports are 
fully stable and may be stored for a long time before its use and, as 
main advantage, the support may be reused after releasing the inac-
tivated protein [4]. However, there are some drawbacks. The en-
zyme cannot be used under conditions where the enzyme may be-
come desorbed from the support (pH or ionic strength will be re-
stricted in ionic exchange [9, 46, 47], solvents or detergents in hy-
drophobic adsorptions, etc. [48]. Moreover, the enzyme may be 
released during operation, e.g., if changes in the pH occur (e.g., 
internal pH gradients may be formed during esters hydrolysis (Fig. 
5). Furthermore, the support surface will never be “inert”, and this 
can produce undesired enzyme supports/interactions during storage 
or use. This kind of immobilization may not be compatible with 
folding/unfolding reactivation strategies of enzymes: unfolding may 
produce enzyme release, whereas refolding will be affected by in-
teractions with the support [4, 49-52] (Fig. 6). This immo-bilization 
strategy may have complex effects on enzyme stability (mainly 
generating enzyme environments) [4], although it may be useful to 
prevent enzyme dissociation, at least in the case of dimeric enzymes 
[41]. 
The hydrophobic nature of the support converts it in a good op-
tion for hydrophobic adsorption of enzymes. However, as explained 
above, a too high hydrophobicity may produce very negative effects 
on the enzyme activity/stability. However, there are some examples 
of using this hydrophobic supports. In a research, human fibrinogen 
was adsorbed in polystyrene-divinylbenzene microparticles [53]. 
When platelet-rich plasma was injected in a stirred suspension of 
fibrinogen-coated beads, the platelet aggregation rate was propor-
 
Fig. (5). Advantages and drawbacks of reversible enzyme immobilization. 
 
Fig. (6). Strategies of enzyme reactivation via unfolding/refolding strategies. 
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tional to the concentration of fibrinogen on the bead surface. The 
response was not mitigated by hirudin, indicating that any thrombin 
generated during the reaction did not participate in bead aggrega-
tion. Conversely, ReoPro completely hindered platelet aggregation, 
indicating specific fibrinogen-?IIb?3 interactions as the ones re-
sponsible for the observed effect [53]. Those beads coated with 
either albumin or lecithin, did not coalesce under identical condi-
tions, nor did fibrinogen-coated beads agglomerate when platelet-
depleted plasma was injected. When the beads were coated with 
fibrinogen as a mixed film with lecithin, a striking increase in yield 
toward platelets was demonstrated (compared to unmodified 
beads). These observations indicated that the reported adhesion of 
platelets to the beads is a direct indication of platelet-fibrinogen 
interactions. Thus, platelets respond differently to fibrinogen when 
presented in this form, compared to the protein left alone at the 
interface [53].  
In another paper, ?-glucosidase was produced in S. cerevisiae. 
After cell disruption, a non-ionic polystyrene-divinylbenzene 
(XAD-16) was tried to adsorb the enzyme, but the adsorption drove 
to the enzyme inactivation [54, 55]. This was prevented modifica-
tion of the surface of this support by grafting a few selected acrylate 
monomers by co-polymerisation, enabling a very good yield in the 
purification. The hydrophobic support has been also used to directly 
immobilize some cells. The white rot fungus (Phanerochaete 
chrysosporium) has been immobilized on porous poly(styrene- 
divinylbenzene) carriers and used for production (both in batch and 
repeated) of lignin peroxidase. This was performed in shake cul-
tures based on a carbon-limited medium which contained veratryl 
alcohol [56]. The best results were obtained when a spore inoculum 
was used for immobilization instead of mycelial pellets aged for 
one day in both cases. The porous poly(styrene-divinylbenzene) 
immobilized Phanerochaete chrysosporium and suspended mycelial 
pellets in free media were used for the catalytic degradation of 2-
chlorophenol and the immobilized spores displayed a significantly 
enhanced activity in the degradation of 2-chlorophenol [56].  
The introduction of ionic groups on the support surface permits 
to reduce its hydrophobicity and immobilize proteins via ionic ex-
change. 
For example, PSD with various structures have been modified 
to introduce mobile halogen atoms and used to immobilize glu-
coamylase and pepsin [57]. The results indicated that the iodoacety-
lated derivatives of the styrene-divinylbenzene copolymers with a 
macroporous structure and high iodine loadings are the most suited 
for immobilization purposes.  
Lysozyme has been immobilized on an anion exchanger poly-
styrene divinylbenzene matrix (Deacidite KMP), and in other sup-
ports. The immobilized enzyme has been used to lysate Micrococ-
cus luteus, this preparation retained the higher activity (26.67%), 
almost doubling the other preparations [58].  
Papain has been anchored on amine modified polyethyl-
ene/poly(styrene-co- divinylbenzene) and polyethylene/poly-(vinyl-
benzyl chloride-co-divinylbenzene) membranes [59]. Three process 
variables were analyzed: concentration of papain in solution, time 
and temperature of sorption. Temperature was fund to insignifi-
cantly affect the immobilization. 
Other paper shows how a polystyrene-divinylbenzene mem-
brane was used as support for trypsin immobilization by electro-
static and hydrophobic interactions. This system was successfully 
applied for protein digestion [60]. Cytochrome C, myoglobin, and 
bovine serum albumin,  were sed as performance monitors. The 
results showed that even for short digestion times (several seconds) 
the resulting sequence coverages was comparable to or higher than 
those found with in-solution digestion. This system was also ap-
plied for the analysis of proteins from yeast cell lysate. Cellulose 
has been immobilized on a modified PSD support. Poly(styrene- 
divinylbenzene) microspheres were anchored with polystyrene by 
surface initiated-atom transfer radical polymerization. The grafted 
polystyrene chains were sulfonated. The sulfonic acid groups found 
on the surface brushes were neutralized with aniline. The adsorbed 
aniline was polymerized by oxidation (using potassium persulfate) 
to give self-doped thick layers (i.e. 16μm) on the microspheres [61]. 
Afterwards, cellulase was immobilized on the microspheres via 
adsorption and adsorption/crosslinking methods. 
Upon immobilization, the activities of the adsorbed and ad-
sorbed/ crosslinked cellulose for the recovered samples were 73 and 
62% for carboxymethyl cellulose, respectively. The immobilized 
enzyme suspensions were more stable and retained their activities 
to a higher degree at drastic pH and temperature than those with the 
free enzyme. 
3. PDS COATED WITH IONIC LIQUIDS 
Ionic liquids have many advantages to be used as solvent in 
biocatalysis. The properties of ionic liquids (density, viscosity, 
polarity, melting point, etc.) can be fine-tuned by appropriate 
chemical screening. Their interest as green solvents lies in their 
high thermal stability and negligible vapor pressure, which paliates 
the problem of their emission to the atmosphere [62-64]. Ionic liq-
uids are expensive compared with conventional solvents. Further-
more, some of them have low biodegradability and possible 
(eco)toxicological properties [65-67]. Thus, immobilization of ionic 
liquids on a support or structured material may be contemplated as 
workaround solution to minimize the amount of required ILs, while 
retaining their properties. On top of that, supported ionic liquids 
have the benefit of easy separation and recyclability as well as their 
potential use in continuous processes development [65-67]. Hence, 
the immobilization of ionic liquids onto a support or structured 
material is an attractive strategy to minimize the amount of ILs 
used, while maintaining their properties. Additionally, supported 
ionic liquids have the advantage of easy separation and recyclability 
as well as a potential for use in the development of continuous 
processes [68-71]. Thus, the immobilization of the ionic liquids on 
PSD supports is one of the proposed solutions. Figure 7 represents 
the interaction between enzyme, support and ionic liquid. The ionic 
liquids are covalently attached to the support, and their side chain, 
generally hydrophobic, is used to attach the enzymes to the PSD-
ionic liquid matrix. 
 
Fig. (7). Immobilization of enzymes on ionic liquids coated PSD-supports. 
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Most examples of use of PSD coated with ionic liquids involve 
lipases. In an interesting paper, the combined action of microwave 
irradiation and lipase B from C. antarctica immobilized onto PSD 
coated with ionic liquids was analyzed in the resolution of rac-1-
phenylethanol using vinyl propionate [72]. This strategy produced a 
28-fold increase of the activity improvement, and the biocatalyst 
could be used for 12 cycles without significant activity decrease. 
The combination with an inorganic catalyst permitted the one -pot 
dynamic kinetic resolution of this compound. 
In some cases, supercritical fluids have been used in some reac-
tions, and the combined use with ionic liquids has some advantages, 
improving lipase performance in this system [73-75].  
One pioneer example of the use of ionic liquids combined with 
supercritical fluids was demonstrated for the lipase B from C. ant-
arctica [76]. The free and immobilized forms of the lipase were 
dispersed in different ionic liquids (1-ethyl-3-methylimidazolium 
bistriflimide and 1-butyl- 3-methylimidazolium bistriflimide).  
These systems were employed as biocatalyst for the kinetic resolu-
tion of rac- 1-phenylethanol in supercritical CO2 at 150°C and 10 
MPa under a continuous regime. The enzyme showed excellent 
activity, stability and enantioselectivity under continuous operation 
[76]. 
This lipase was also used in bioreactors with ionic liquid phases 
which are covalenty attached. These are prepared as monoliths 
based on PDS coated with imidazolium [77]. The monoliths were 
able to absorb lipase B from C. antarctica. This biocatalyst was 
employed in the synthesis of citronellyl propionate under super-
critical carbon dioxide by transesterification  reaction. The activity 
of the immobilized enzyme remained practically unaltered after 
seven cycles lasting 5 h each, better than using other immobilized 
preparations of the same enzyme. These biocatalysts were more 
deeply characterized later, as well as the effect of the microwave 
heating [78]. 
In another example, different supports derived from 1-decyl-2- 
methyimidazolium cations attached covalently to a porous matrix 
based PSD , were used as carriers to immobilize lipase B from C. 
antarctica [79]. The suitability of these immobilized lipase deriva-
tives for the methanolysis of triolein was tested using tert-butanol 
or supercritical carbon dioxide as reaction media. The new supports 
led to highest reactions yields (85 % biodiesel yield after 45 con-
secutive cycles of 8-4 h) in supercritical CO2. The addition of tert-
butanol as inert co-solvent in the supercritical CO2 phase with the 
same concentration as triolein was the key to avoid that the pro-
duced glycerol inactive the biocatalyst [79]. 
Thus, PSD coated with ionic liquids seem to be one of the 
strongest current tendencies, due to the versatility, which is coupled 
to the versatility of ionic liquids. 
4. LIPASE IMMOBILIZATION VIA INTERFACIAL ACTI-
VATION ON HYDROPHOBIC SUPPORTS 
We have left one exception to the problems of immobilization 
on hydrophobic supports via physical interactions: lipases [48]. 
These are peculiar enzymes, having as catalytic mechanism the so-
called interfacial activation that allows them to act in drops of hy-
drophobic substrates, becoming adsorbed on the drops of insoluble 
substrates and act in the interface [80, 81]. This is because the ac-
tive center is surrounded by a large hydrophobic pocket that permits 
this adsorption [82, 83]. However, this pocket will make complex 
keeping the lipases soluble in aqueous media, and in most cases are 
closed by a mobile peptide chain, called lid. This chain has a hy-
drophobic end that interacts with the hydrophobic area surrounding 
the active center and a hydrophilic face that interacts with the me-
dium. The lid may be very small, as it is the case for lipase B from 
C. antarctica [84], or become very complex, such as the double lid 
detected in the lipase from Bacillus themocatenolatus [85]. The lid 
is moving, exposing or blocking the active center to the outer me-
dium. When a hydrophobic surface is offered, the lipase becomes 
adsorbed via the very large hydrophobic zone formed by the lid and 
the surroundings of the active region, and the lipase becomes very 
strongly chemisorbed on the hydrophobic region (the so-called 
interfacial activation). 
This tendency of lipases to become adsorbed on hydrophobic 
has been used to develop a strategy for the immobilization, purifica-
tion and hyperactivation of lipases [86] . Even in certain cases, the 
immobilization via this technique permits the enzyme stabilization 
and the modulation of enzyme selectivity towards hydrophobic 
substrates [48]. 
Moreover, it has been reported that the hydrophobicity and in-
ternal morphology of the support may be used to tune enzyme 
properties [87].  
In this regard, the high hydrophobicity of the PSD supports may 
even become a certain advantage to immobilize lipases. Thus, these 
supports have been very used with these enzymes. The immobiliza-
tion of lipases on these supports may have diverse advantages, de-
pending on the final application. 
4.1. Use of the PSD-lipase Biocatalysts in Hydrolysis Reactions 
The hydrophobic nature of these supports makes them not very 
recommended for reactions in aqueous medium, e.g., hydrolysis. 
However, some examples may be found in the literature where 
results using these supports were even better that those using appar-
ently more adequate supports. 
PSD microporous polymer supports has been used to immobi-
lize the lipase from C. rugosa and the resulting system was used to 
hydrolyze triacylglycerides [88, 89]. The amount of adsorbed lipase 
was high and the enzymatic reaction rate per lipase  molecule was 
higher for the immobilized enzyme than for its free counterpart, 
perhaps by a partition of the substrate in the support, perhaps be-
cause the enzyme was in the open form, or perhaps because the 
micelles cannot penetrate the pores and the enzyme was free of the 
negative effects of the oil emulsioners [6]. 
Using the same enzyme, another report analyzed the effect of 
the adsorption medium on the biocatalyst performance, using an 
aqueous solution (with sodium phosphate buffer) and and organic 
solvent (heptane) [90]. The results were improved when the cou-
pling was performed with heptane. The pH optimum was shifted 
towards alkaline region, while the maximum temperature was in-
creased, and the thermal stability compared to the free enzyme was 
also significantly improved. Later, the enzyme immobilized on a 
home-made PSD was characterized [91]. Immobilization resulted in 
an increase in the optimum temperature for enzymatic activity and 
the thermal deactivation of enzyme was slowed down. However, 
the immobilized lipase on PSD retained a lower activity after the 
first stage deactivation compared to the soluble enzyme. This sug-
gests a possible change in the conformation of enzyme molecule by 
immobilization. The use of polyvinylpyrrolidone significantly re-
duced the hydrophobic features of PSD particles synthesized by the 
multistep swelling and polymerization method which involves the 
use of polymeric porogens [92]. The results from lipase immobili-
zation on these particles evidenced that this protocol may shield the 
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hydrophobic groups on the particle surface thus reducing the effi-
ciency of enzyme immobilization. 
An extracellular lipase of Pseudozyma hubeiensis (strain 
HB85A) was immobilized by adsorption onto a PSD support [93]. 
The optimal pH for hydrolytic activity was pH 4.6 and 6.0 for the 
free and immobilized lipase respectively. Lipase immobilization 
resulted in improved enzyme stability under a wide variety of con-
ditions (in the presence of nonionic detergents, at high tempera-
tures, at acidic and neutral pH, and at high concentrations of or-
ganic solvents (2-propanol, methanol or acetone)). 
In another report, two commercial polymeric beads (Diaion 
HP20LX and MCI GEL CHP20P) were evaluated as supports to 
anchor lipase B from C. Antarctica [94]. Both supports were similar 
in texture following supplier descriptions, but their properties as 
supports to immobilize this enzyme were quite different, being the 
best results those obtained using MCI GEL CHP20P. This support 
immobilized the enzyme rapidly, allowing for a very high loading 
capacity(110 mg CALB/wet g of support versus 50 mg obtained 
using octadecyl Sepabeads), a support previously reported as very 
suitable for this process [95]. The specific activities of the enzyme 
immobilized on MCI GEL CHP20P in hydrolytic reactions were 
always superior to those found using octadecyl Sepabeads for all 
tested substrates. In this respect, a CALB biocatalyst having 3-8 
folds (the exact figure depending on the substrate) higher activity 
per wet gram of support than the commercial Novozym 435 has 
been obtained [94]. However, the thermal-stability of the resulting 
immobilized enzyme on this novel support was lower than its con-
ventional counterpart of Novozym 435. The situation reversed in 
the presence of organic solvents, where this new preparation be-
came the most stable [94]. Very recently the use of MCI GEL 
CHP20P has been reported to immobilize the lipases from T. lanug-
inusus and R. miehei, and also the artificial chimeric phospholipase 
Lecitase Ultra [96]. Again, the immobilization rate and yield were 
higher using this support than the standard one used for comparison 
(in this case octyl-agarose) [86], reaching values as high as 200 
mg/ml of packed wet support. The resulting thermal stability 
greatly decreased, while the stability versus organic solvents was 
greatly increased. The effect of the immobilization on this support 
on the hydrolytic activities greatly depended on the substrate and 
enzyme, in some cases the octyl-Sepharose lipases were 100 fold 
more active than the new one, in other cases the opposite were ob-
served [96].  
Thus, although these hydrophobic supports have main interest 
in organic media, many examples of the use of lipases immobilized 
on them in aqueous medium may be found in the literature.  
4.2. Use of the PSD-lipase Biocatalysts in Production of Bio-
diesel 
Nowadays, the production of biodiesel using biodiesel is one of 
the main areas of research [97]. The use of lipases may permit to 
produce biodiesel from any kind of oil, under environmentally fa-
vorable conditions, and with high quality glycerin as sub-product 
[98]. However, glycerin is one of the main problems, as it becomes 
accumulated on the biocatalyst and finally avoids the hydrophobic 
substrates to reach the enzyme, also producing enzyme inactivation. 
In a recent paper, it was shown that the use of polystyrene supports 
avoids this glycerin issue due to the hydrophobic nature of the sup-
port [10]. This is even more pronounced on PSD, which is even 
more hydrophobic. Two different immobilized samples of lipase B 
from C. antarctica, commercial Novozym 435 and lipase immobi-
lized on styrene- divinylbenzene beads (MCI GEL CHP20P) were 
screened for the synthesis of methyl esters from fatty acids using 
soybean oil and methanol [99]. Both biocatalysts showed markedly 
different optimal conditions in the reaction For Novozym -435, 
optima conditions were 5.6:1 molar ratio methanol:oil, 25% en-
zyme (regarding the oil weight), and 5.44% of added water, while 
for the PSD immobilized lipase, the optimal conditions were 3:1 
molar ratio methanol:oil, 25% enzyme, and 1.18% of added water. 
The PSD preparation presented more than 10% improved activity 
enabling conversions of more than 99% after 72 h of reaction under 
optimum conditions. Moreover, 70% of the initial activity was 
maintained after eight batches [99].  
4.3. Use of the PSD-lipase Biocatalysts in Esterification  
Reactions 
The enzymatic synthesis of short chain esters permits to label 
the esters as green product, and their market values as fragrance in 
food greatly increases. This makes that a great undertaking is being 
performed in the enzymatic production of flavor esters. The use of a 
very hydrophobic support has a double advantage: it reduces the 
concentration of short carboxylic acids on the enzyme environment, 
and reduces the retention of the formed water in the enzyme neigh-
bor, two of the problems of these processes. In fact, there are many 
examples of using of lipases immobilized on PSD in this kind of 
processes. 
Lipase from C. rugosa was immobilized onto PSD support and 
used in organic solvent containing butyric acid and butanol [100]. 
Heptane was selected as solvent due to its compatibility with both 
resin and enzyme. The results were compared with those of the free 
lipase and Lipozyme (commercially immobilized lipase) under the 
same operational conditions, showing that the immobilization on 
PSD greatly improved the enzyme performance. 
Lipase from C. rugosa was immobilized in the presence of hep-
tane on PSD and used to esterify n-butanol and butyric acid [90]. 
The tests performed to assess the operational stability of the sam-
ples indicated that after 12 consecutive batches (24 h per batch) a 
small enzyme deactivation occurs. Such results revealed good recy-
cling potential in non-aqueous system. 
Later, the same enzyme and reaction was performed using an-
other PSD support [101]. Under optimal conditions, a yield of 75% 
was obtained (concentration of 32.4 g butyl butyrate/L of suspen-
sion that corresponds to a yield of 75% was obtained, after response 
surface methodology optimization. In a further study, using a sol-
vent free system, the biocatalyst was compared to the enzyme im-
mobilized on controlled pore silica and to Novozym 435 [102]. 
Using PDS, conversion was higher (63%) using 10% of immobi-
lized enzyme and lauric acid, ( productivity of 3.62 g L-1 h-1). 
In another paper, fibrous polymeric brushes were grafted on 
poly(styrene-divinylbenzene) beads using surface-initiated atom 
transfer radical polymerization. To this samples  tetraethyldiethyle-
netriamine ligand was incorporated [103]. 
The resulting beads were used for the reversible immobilization 
of the lipasefrom Mucor miehei. The thermal and storage stabilities 
of the immobilized lipase were enhanced compared to the original 
lipase. The same support could be used several times for the immo-
bilization of lipases after its regeneration without significant loss in 
adsorption capacity or enzyme activity. The biocatalyst was suc-
cessfully utilized to catalyze the direct esterification of butyl alco-
hol and butyric acid [103]. In some cases, long chain ester were 
produced by Candida sp. 99-125 lipase immobilized on PSD sup-
ports [104]. After immobilization, the thermal stability of the lipase 
was enhanced in the temperature range 30-50 °C, and its stability in 
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the pH range 6.0-9.0 was also increased. The esterification reaction 
of cetyl alcohol and oleic acid was efficiently catalyzed by the en-
zyme preparation with the yield of ester being 98%. Operational 
stability tests indicated that the ester yield was still as high as 50% 
after 15 batch cycles. 
Recently, a large activity on this kind of reactions has been per-
formed using MCI GEL CHP20P, a commercially available PSD 
support [94, 96]. In a first report lipase B from C. antarctica, im-
mobilized on MCI GEL CHP20P was compared with the commer-
cial Novozym 435 as biocatalysts for the esterification of acetic 
acid and n-butanol [13]. Lipase immobilized on MCI GEL CHP20P 
could be used under more acidic conditions, up to 0.5 M, while 
Novozym 435 became inactivated under these conditions. Although 
Novozym 435 exhibited higher initial activity than MCI-CALB 
(30%) for the butyl acetate synthesis, the reaction course was more 
straighforward with new preparation, implying higher productivities 
per cycle for MCI-CALB. [13]. The primeval advantage of the new 
biocatalyst is its superior performance in its recycling. While No-
vozym 435 was fully inactivated after two runs, MCI-CALB can 
reused for six consecutive cycles without washings retaining 70% 
of its initial activity. 
Later, both biocatalysts were tested in the synthesis of ethyl bu-
tyrate [105]. The lipase immobilized on MCI GEL CHP20P pre-
sented higher productivities (1.6 times) than Novozym 435. As in  
previous cases, the main advantage of the new support was related 
to its operational stability. 
The new biocatalyst retained 80% of its initial activity after 
eight runs, while Novozym 435 retained only 20%. T. lanuginosus 
lipase was also immobilized also in MCI GEL CHP20P, and com-
pared to the commercial lipase Lipozyme TL-IM as catalyst in the 
synthesis of butyl butyrate [106]. The MCI GEL CHP20P immobi-
lized enzyme displayed high initial reaction rates (up to butyric acid 
concentration 1.0 M), while Lipozyme TL-IM decreased in its ac-
tivity above 0.5 M of acid. Moreover, MCI-TLL presented a pro-
ductivity of 14.5 mmolg-1h -1 per mass of biocatalyst, while 
Lipozyme TL-IM 3.2 mmol g- 1h-1. 
In another paper, lipase from Staphylococcus warneri EX17 
was purified and immobilized on hydrophobic octyl-Sepharose, 
Immobead 150, and MCI GEL CHP20P [107]. The resulting prepa-
rations on octyl- Sepharose and MCI GEL CHP20P were stable in 
the presence of several organic solvents. Containing only 8 mg of 
enzyme per g of support, the PSD preparation was a 25% more 
active than that immobilized on octyl-Sepharose in the generation 
of ethyl butyrate. 
4.4. Use of the PSD-lipase Biocatalysts in Promiscuous Reac-
tions 
Lipases are able to catalyze many reactions that are quite far 
from the natural esterase function of the lipases, that is the so-called 
promiscuous activities of the lipases [108].  
One of the promiscuous activities of lipases is the perhydrolysis 
of esters, the main problem of these reactions being the inactivation 
caused by the hydrogen peroxide via multiple chemical modifica-
tion of the enzyme backbone [14]. Immobilization of lipase B from 
C. antarctica on hydropbobic octadecyl Sepabeads permitted to 
increase enzyme stability versus hydrogen peroxide, and that was 
explained by some partition of this dangerous reagent from the 
areas involved in the adsorption [109]. This effect was increased 
when the support was the more hydrophobic MCI GEL CHP20P 
PSD support. The lipase stability was 100-fold higher in the pres-
ence of high concentrations of hydrogen peroxide (10 M) [94]. This 
biocatalyst seemed to have good prospects to catalyze this kind of 
reactions. 
In another example, the previous biocatalyst was compared 
with the commercial sample (Novozym 435) in as promiscuous 
catalyst of C-C bond formation [110]. ctivity increases when com-
pared to the soluble form or with Novozym 435 (up to 6-fold more 
active). The observations show that even though this data is not 
related to the catalytic group, the activity of CALB may be altered 
by immobilization. The paper shows that the secondary structure is 
quite different for the immobilized enzymes, as evidenced with FT-
ATR-IR spectroscopy [110].  
Thus, lipase immobilization on PSD supports may also offer 
some advantages even in promiscuous activities, even if that is not 
related to the active center of the enzyme. 
5. CONCLUSIONS 
The interest on PSD supports has greatly increased along the 
last years. Although their hydrophobicity may be a problem for 
enzyme stability, in certain cases, the coating of their surface with 
different reagents can be used to mitigate this deleterious effect. 
The coating with ionic liquids holds special interest, since it permits 
to have the solid phase use of a “media” that have shown to have 
great prospects in Biocatalysis, easing their recovery, and still with 
power to modulate the enzyme properties and produce ionic liquid 
phase advantages. 
The mechanical resistance of these polymers may be increased 
by increasing the crosslinking degree, the final biocatalysts may be 
mechanically as useful as any other of the organic polymeric sup-
ports currently used in the industry. 
Immobilizing standard proteins, the high hydrophobicity of the 
surface is a problem because it can inactivate the enzymes and at 
least will reduce the stability. It is in the immobilization of lipases 
where PSD supports have found a higher relevance, as the interfa-
cial activation of the lipases on their hydrophobic surface have 
permitted the strong immobilization, and also the partition of some 
deleterious compounds (e.g., hydrogen peroxide) away from the 
enzyme environment. 
This hydrophobicity asserts that these kind of supports may be 
not recommended as adsorbents (e.g., to immobilized antibodies as 
an immune-sensor). The main interest will lay on the side of the 
biocatalysis. 
A likely application of these hydrophobic supports, still to be 
reported is the one-step immobilization-purification of chimeric 
proteins bearing hydrophobic tags, some papers show how using 
hydrophobic supports, these tagged enzymes may be selectively 
immobilized [111-113]. These proteins should have a large affinity 
for these hydrophobic supports. However, these tags may have 
some impact on the enzyme performance: stability or tendency to 
aggregation may be a common problem. 
However, it is still necessary to perform systematic studies on 
different PSD supports having controlled and well characterized 
internal geometry, hydrophobicity without changing the chemical 
composition, crosslinking degree, etc. Very likely, the knowledge 
of how these variables affect the PSD supports as enzyme immobi-
lization matrix may permit a further expansion of these matrices as 
enzyme supports. 
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